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Introduction 67
The bitter taste of beer is an important flavour attribute that consumers expect 68 and enjoy to a varying degree during consumption ( The meaning of 'Quality' or 'Character' of bitterness remains unclear even to many 113 in the brewing industry who often use the term. However, it is clear that bitterness 114 perception is multifaceted. The proof for this can be seen in some of the attributes 115 commonly used to describe the perceived 'Quality' of bitterness in beer e.g. ('astringent'). Furthermore, it is clear that some of these bitterness attributes are 120 in normal usage considered positive ('harmonious') whilst others (e.g. 'harsh') 121 might be considered less desirable. The hedonic effect of these qualitative terms 122 is also doubtless context dependent -i.e. varies with the sensory properties of a 123 particular beer. Consequently, bitterness quality in beer can be said to be the 124 combination of traits distinguishing it based on intensity, temporal and spatial 125 characteristics. In this regard, the intensity of bitterness corresponds to the 126 magnitude of bitter taste sensation perceived, whilst temporal profile represents 127 the time-course of bitterness intensity over a period of time (Keast & Breslin, 128 2003) . The spatial characteristics of bitterness refers to the location of bitterness 129 sensation on the tongue and in the oral cavity i.e. whether predominantly at the 130 tip of the tongue or at the back of the throat (McBurney, 1976) . These bitterness 131 facets, in addition to values acquired by analytical measures, provide a better 132 picture to brewers of the overall impression of beer bitterness as perceived by 133
consumers. 134
The type of hop products used and hopping regime adopted have been reported 135 to impact on the perceived bitterness character of beer (Oladokun et al., 2016b) . 136
The impact of hop aroma on perceived beer bitterness has also been investigated, 137 with findings revealing that hop aroma significantly impacts on both perceived 138 bitterness intensity and character. Such effects are believed principally to result 139 from taste-aroma interactions, and are potentially also impacted by trigeminal 140 sensations elicited in the mouth by hop aroma extracts (Oladokun et al., 2016a The three hop varieties selected for the brewing trials differed with respect to their 175 country of origin, level of acids as well as aroma profiles. Hersbrucker, a German 176 aroma variety had the lowest acid content (1.5 -4%) and is described as 177 fragrant, floral and fruity. East Kent Goldings is a British seeded hop variety with 178 acid content of (4.5 -6.5%) and is described as spicy and citrusy. The American 179 hop Zeus is described as aromatic and pungent, and is a common super high 180 acid hop variety (15 -17%). Specification details were obtained from 181
Simplyhops UK Limited. 182 183
Hop aroma extract 184
Hersbrucker hop aroma extract (60% w/w, density = 1.020 g/mL) was supplied 185 as a food grade solution by Botanix Ltd. (Kent, UK) and was used for the addition 186 of hop aroma into the beers. This varietal extract was used because its taste and 187 mouthfeel properties have been defined in a previous study (Oladokun et Detection was achieved with a diode array UV detector and peak areas were 211 processed with Empower 2 HPLC software. Separation of phenolic compounds and 212 hop acids was achieved with a Purospher STAR rp-18 endcapped column (250 X 213 4.6 mm, 3 µm) from Merck Millipore (UK) coupled with a C18 guard cartridge from 214 Phenomenex (UK). 215
Analysis of hop bitter acids in beer 217

Extraction of hop bitter acids from beer 218
Cold beer was degassed by sonication at 15°C followed by the transfer of an 219 aliquot (5 mL) into a 50 mL Falcon tube, the beer aliquot was acidified with 220 orthophosphoric acid (100 µL) followed by the addition of isooctane (10 mL). The 221 mixture was extracted on a roller bed for 30 min. The isooctane extract was 222 subsequently transferred into a glass tube and evaporated to dryness under a 223 controlled flow of nitrogen with a Visidry attachment coupled to a Visiprep solid 224 phase extraction manifold (Supelco). The residue was reconstituted in acetonitrile 225 (2 mL) to give the HPLC sample. 226
HPLC-UV analysis of hop bitter acids 227
Hop acid separation was achieved with a binary mixture of (A) 1% v/v acetic acid 228 
Extraction of beer phenolic acids from beer 242
The phenolic compounds listed in section 2.4.1 were extracted from beer by liquid-243 liquid extraction. Degassed beer (5 mL) was transferred into a 50 mL Falcon tube 244 before acidification with orthophosphoric acid (250 µL). Ethyl acetate (10 mL) was 245 added and the mixture was extracted on a roller bed for 30 min. Upon completion, 246 the residual beer from the bilayer mixture was discarded and reverse osmosis 247 (RO) water (5 mL) was added to the ethyl acetate extract and further extracted 248 for 15 min on the roller bed. The water layer was then removed and discarded. 249
The ethyl acetate extract was transferred into a glass tube and evaporated to 250 dryness using a controlled flow of nitrogen and a Visidry attachment coupled to a 251
Visiprep solid phase extraction manifold (Supelco). The residue was reconstituted 252
in a fixed volume of methanol (2 mL) and analysed by HPLC. 253
HPLC-UV analysis of beer phenolic acids 254
The chromatographic method used a binary solvent system consisting of (A) 1. A, 100% B; 55-65 min: 98% A, 2% B. Injection volume was 10 µL, flow rate was 259 0.5 mL/min and column temperature was set at 30°C. Peak areas were extracted 260 at 280 nm and total run time was 65 min. Samples were analysed in triplicate and 261 phenolic acid concentrations were determined from calibration curves generated 262 from external standards prepared in the range of (1, 10, 20, 40 mg/L). 263
Determination of beer total polyphenol content 265
The Total Polyphenol Content (TPC) of beer was determined according to ASBC 266
Beer-35 method (ASBC Method of Analysis, 1978) which involves reacting 267 polyphenols with ferric ion in an alkaline solution. Beer (10 mL) was mixed with a 268 preparation of carboxymethylcellulose (CMC, 1%) and ethylenediamine tetra 269 acetic acid (EDTA, 0.2%) (8 mL) in a 25 mL volumetric flask, then ferric acid (0.5 270 mL) was added, followed by ammonium hydroxide (0.5 mL) with mixing after each 271 addition. The solution was then made up to mark with RO water and left to stand 272 at room temperature for 10 min before an absorbance of the solution was taken 273 at 600 nm. The absorbance value was multiplied by 820 to give total polyphenol 274 content in beer (mg/L). Two independent brews were conducted for each of the selected hop variety 301 studied. Beers were hopped to achieve an initial target of 20 BU in the boil, with 302 losses during fermentation and filtration expected to bring this down to a final 303 bitterness concentration of~13 BU. This level of analytical bitterness was selected 304 based on previous findings which showed significant impact of hop aroma at this 305 bitterness concentration (Oladokun et al., 2016a) . For the purpose of the sensory 306 study the beers were brewed with the additional prerequisite that the difference 307 in BU between each singly-hopped beer and replicate brews be no more than 3 308 BU. The average original gravity, final gravity, ABV (%) and pH for each beer in 309 both replicate brews was: Hersbrucker (1.044, 1.008, 4.57, and 4.30); EKG 310
(1.043, 1.008, 4.50 and 4.30); Zeus (1.043, 1.008, 4.50 and 4.30). 311
Preparation of samples with hop aroma extract 312
Hop aroma was supplied pre-blended into propylene glycol for easy dissolution 313 into beer. Beers with hop aroma added were prepared 48 h in advance of tastingto allow the hop extract to fully solubilise and equilibrate with the beer medium. 315
Hop aroma extract was added to the base beers at a rate of 245 mg/L using a 316
Rainin pipette (Mettler Toledo, US). This level of addition was selected based on 317 the dosage recommendation of the supplier. Upon addition, the beer bottles were 318 recapped with sterilised bottle caps and inverted (one inversion per second for 10 319 seconds) before storage in the cold room (3°C)
The sensory aspect of this study received ethical approval from the University of 324
Nottingham Medical Ethics Committee (P12042016) and all participants gave 325 informed consent to participate in the study. Participants were given a disturbance 326 allowance for their participation. 
Bitterness quality attributes and definition 332
A bitterness lexicon consisting of 13 bitterness character attributes was developed 333 and defined by the panel in a related study, and subsequently refined to 12 334 attributes for use in this study (Oladokun et al., 2016b 
For efficiency, the bitterness character profiles of the singly-hopped beers, as well 346 as those with hop aroma extract added, were determined using a rapid Check-All- Before evaluation, panellists participated in several tasting sessions where they 353 were exposed to diverse exemplar beers which had bitterness characters covering 354 all terms of the bitterness lexicon. This was followed by practice CATA sessions 355 and then evaluation. For evaluation panellists were given samples (10 mL), 356 presented according to a Williams design at 4˚C ± 2 and told to tick each attribute 357
(from the list of 12) that applied to the sample. Three min breaks followed each 358 sample, during which time panellists cleansed their palates with Evian water 359 (Danone, France) and crackers (Rakusen's, UK) to minimise carry-over effects. 360
Each singly-hopped beer, its replicate brew and those to which hop aroma extract 361 was added (also replicated), were all tasted twice by each panellist. Replicates 362 were tasted in different sessions. Data was collected with Compusense Cloud 363 (Compusense, Canada). 364
Evaluation of bitterness intensity and selected bitterness character 365 attributes 366
For the evaluation of bitterness intensity, panellists were re-familiarised with the 367 use of a scale anchored from 0 to 10 using commercial beers measured as differing 368 analytically in bitterness concentration, with 0 on the scale representing low 369 bitterness intensity and 10 representing high bitterness intensity. For bitterness 370 character attributes, 4 attributes representing key bitterness facets were selected 371 (Harsh, Round, Astringent and Lingering). The attribute lingering -which was 372 defined as the intensity of bitterness perceived after 10 seconds was chosen here 373 instead of progressive as its definition allowed for accurate assessment of this 374 temporal attribute and panellists used a timer for its evaluation. Before evaluation, 375 panellists were trained in the use of the scale as for bitterness intensity for each 376 of the bitterness character attributes with fresh exemplar beers which were 377 predetermined to have these bitterness characters in a related study (Oladokun 378 et al., 2016b). For sample evaluation, a rank-rating technique was used since this 379 method allows for differences between samples to be identified from rank scores, 380
and allows the magnitude of difference between samples to be determined from 381 the rating scores (Kim & O'Mahony, 1998). Panellists were presented with 3 382 samples (30 mL each at 4˚C ± 2) consisting of the singly-hopped beers and were 383 instructed to rank the samples from low to high intensity for each attribute before 384 then rating the intensity of bitterness, harshness, roundedness, astringency and 385 linger in the samples on a scale from 0 -10. This was repeated for the beers with 386 hop aroma added. There was a 3 min break between each attribute and subjects 387 cleansed their palates with Evian water (Danone, France) and crackers (Rakusen's,UK). Each singly-hopped beer, its replicate brew and those to which hop aroma 389 extract was added (also replicated), were all tasted twice by each panellist. 390
Replicates were tasted in different sessions. Data was collected with Compusense 391
Cloud (Compusense, Canada). 392
Data processing and statistical analysis 393
The binary data acquired from CATA was processed by taking the sum of scores 394 for each selected bitterness attribute over the duplicate analysis and replicate 395 brews. This value was used to generate a frequency spider plot to give an 396 indication of the bitterness character profile of each hop variety as well as in 397 relation to hop aroma extract addition. 398
Statistical analyses were conducted with XLSTAT 2016.5 (Addinsoft, Paris) and 399 significance derived at 0.05Rank data for replicate brews were analysed using 400
Friedman's test and Nemenyi's pairwise comparison test while the intensity rating 401 scores of each attribute for both replicate brews were analysed using a two-factor 402 The concentration of each of the 13 phenolic compounds as well as the average 448 total sum of these compounds in brew 1 and 2 is presented in Figure 1A and B. 449
Differences in the singly hopped beers include the presence of both catechin and 450 epicatechin only in the Hersbrucker beer; both of these compounds were not 451 detected in the other beers. Catechin and epicatechin are known to contribute to 452 beer bitterness (Aron & Shellhammer, 2010; Noble, 1990 ). In addition, 453
Hersbrucker was significantly higher in p-coumaric acid than EKG but not Zeus. 454 EKG contained significantly higher concentrations of tyrosol than both Hersbrucker 455 and Zeus. The average sum of phenolic acids as determined by HPLC in both 456 replicate brews is shown in Figure 1B , and is greater in Hersbrucker than Zeus 457 (25.65 ± 1.3 for Hersbrucker, 24.26 ± 1.3 for EKG and 22.25 ± 1.5 for Zeus). 458
These closer values in total phenolic acid contents relative to the larger difference 459 observed in the TPC of the beers suggests that the quantified phenolic acids do 460 not differentiate greatly between the beers. The lower values also reflect 461 differences in the methods adopted for polyphenol quantification; the TPC values The CATA frequency spider plots presented in Figure 3 show the impact of the 483 addition of a Hersbrucker hop aroma extract to each individually hopped beer on 484 its perceived bitterness character profile. While lacking any perceptible taste, in 485 water the aroma of this extract has been described as 'herbal', 'orange peel','piney'/'nutty', 'hoppy' and 'woody' with 'mouth coating', 'spicy', 'tingly' and 487 'gingery' mouthfeel properties (Oladokun et al., 2016a) . As shown in Figure 3A , B 488
and C the addition of this aroma extract had an impact on the profile of bitterness 489 character of the beer. While addition of hop aroma did not change the frequency 490 of round bitterness selected, there was a general increase in the frequency of 491 harsh, lingering, citric and metallic bitterness character attributes being selected. 492
The greatest increase in frequency of harsh and metallic bitterness characters was 493 CATA simply indicates whether an attribute is present or not and gives no 521 indication of intensity, however the intensity of an attribute is very likely to impact 522 on consumer acceptance. Trends in both rank scores and intensity ratings were 523 similar for bitterness intensity and the four selected bitterness character attributes 524 examined. As such, the results and discussions presented are based on the 525 intensity rating scores. The intensity scores of the four selected bitterness 526 character attributes (harsh, round, astringent and lingering) as well as perceived 527 bitterness intensity in the three beers, with no hop aroma added are presented in 528 Figure 4A as a spider plot. According to these scores, the result shows that none 529 of the bitterness attributes examined was significantly different amongst the 530 beers. Based on the significantly higher levels of total polyphenols measured in 531 the Hersbrucker beer, one would have expected this beer to be perceived as 532 significantly more intense in bitterness. This was not the case for bitterness 533 intensity but the intensity scores for this attribute suggest a trend in that direction 534 for the Hersbrucker brew. 535 536 3.6 Impact of hop aroma extract on perceived bitterness intensity and selected 537 bitterness character attributes 538
The impact of addition of the hop aroma extract to the singly hopped beers on 539 selected bitterness character attributes and bitterness intensity as determined by 540 rank-rating is presented in Figure 4B (Also see supplementary data for comparison 541 of 4A and 4B). The results show a significant increase in the perceived bitterness 542 intensity, astringency and lingering bitterness character. Of the three beers, these 543 attributes were significant for the combination of Hersbrucker aroma and the 544
Hersbrucker hopped beer; suggesting that congruency between a hop variety and 545 its essential oil composition may play a role in the resulting taste-aroma 546 interaction driving the perceived increase in bitterness intensity and character. 547
Addition of hop aroma extract did not significantly change harsh and round 548 bitterness character intensity in any of the beers. Importantly, the scoring of beer 549 HE in Figure 4B as the most round in bitterness character while this same beer in 550 3B was associated with a higher frequency of harsh bitterness is not contradictory, 551 and can be explained by the fact that the two sensory methods employed 552 measured different facets of the beer. The former results are based on intensity 553 ratings of each attributes between the beers while CATA simply indicates the 554 presence or absence of an attribute in the beer. 555
To confirm the aforementioned findings in relation to the impact of hop aroma on 556 perceived bitterness, subjects were given another four samples to evaluate by 557 rank-rating for the same attributes. These samples consisted of the three 558 individually hopped beers with Hersbrucker aroma added, as well as the 559
Hersbrucker hopped beer with no hop aroma added. The results, presented in 560 another. For bitterness intensity across the data set, it is remarkable to see how 572 much the addition of hop aroma from the same variety was able to increase 573 perceived bitterness intensity, bearing in mind that beer H and HH are actually 574 the same beer in terms of analytical bitterness with the only difference being the 575 presence of hop aroma in HH ( Figure 5 ). Beer H was also rated significantly lower 576 in bitterness intensity compared to the rest of the beers with aroma added. 577
According to the post-hoc test, the significance for bitterness intensity was 578 between the Hersbrucker beer with no aroma addition (beer H) and both 579
Hersbrucker and Zeus beers with Hersbrucker hop aroma added (HH, HZ). HH was 580 also significantly more astringent than H and HZ. HH was significantly more 581 lingering than H ( Figure 5 ). With regard to harsh bitterness character all of the 582 beers with hop aroma added were perceived to be significantly harsher in 583 bitterness character than the beer without hop aroma. Based on the definition of 584 'harsh' bitterness character in section 2.9.2, this further confirms some element 585 of oral irritation and trigeminal activation to this hop aroma extract, as has been 586 previously reported (Oladokun et al., 2016a) . Perceived 'harsh' bitterness 587 character in these beers is likely to be the product of interactions betweentrigeminal sensations (elicited by hop aroma extract in the mouth) and hop-589 derived bitterness. Round bitterness character was not significantly affected by 590 the addition of hop aroma although both the Hersbrucker brew (H) and 591
Hersbrucker aroma addition to EKG (HE) were rated highest for round bitterness 592 character, with HH and HZ rated least round in bitterness character. 593
These results demonstrate the significant impact of cross-modal flavour 594 interactions on the perception of bitterness intensity and character attributes, 595 which are key to the overall impression of bitterness flavour in beer. 596
Conclusions 597
In this study beers brewed with malt extract were individually hopped with 3 598 distinctly different hop varieties (Hersbrucker, EKG and Zeus) to achieve similar 599 analytical bitterness levels ranging from 9 -12 mg/L of iso--acids. The phenolic 600 acid and total polyphenol contents of the beers were significantly higher for the 601
Hersbrucker beer which was found to contain approximately 290 mg/L of total 602 polyphenols compared to EKG and Zeus which contained 216 and 207 mg/L 603 respectively. This difference was due to the larger amount of Hersbrucker hops 604 needed to achieve similar bitterness in the Hersbrucker hopped beers. From the 605 sensory evaluations, certain bitterness characters were found to be closely 606 associated with specific hop varieties; the Hersbrucker brew was mainly 607 characterised by round and diminishing bitterness while EKG was perceived to be 608 progressive/lingering and artificial in bitterness character. The Zeus hopped beer 609 was perceived as diminishing and metallic, with citric and astringent bitterness 610 character perceived in all the beers. The effect of hop aroma, determined by the 611 addition of Hersbrucker hop aroma extract to the hopped beers was found to 612 change the bitterness character profile of the beers depending on the hop-derivedbitterness character. Hersbrucker hop aroma addition to the three singly-hopped 614 beers was found to significantly increase perceived bitterness intensity, 615 astringency and linger in the Hersbrucker hopped beer out of the three beers, 616 suggesting some level of congruency might be involved in the resultant taste-617 aroma interactions driving these perceptible changes in beer bitterness. These 618 findings reveal the complexity of bitterness perception in beer as impacted by the 619 use of different hop varieties and hop aroma; and further challenges BU as an 620 accurate measure of perceived beer bitterness, especially in contemporary hop-621 forward beers, which are often accompanied by elevated hoppy characters. 622
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